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NcHivolatile memory cell and process in 
which isolation oxide regions arc formed on 
opposite sides of an active area in a substrate to 
a height above the substrate on the order of 80 
to 160 percent of the width of the active arca, 
a first layer of silicon is deposited on the gate 
oxide and along the sides of the isolation oxide 
regions to form a floating gate having a bottom 
wall which is substantially coextensive with the 
gate oxide and side walls having a height on the 
order of 80 to 160 percent of the width of the 
bottom wall, a dielectric film is formed on the 
floating gate, and a second layer of silicon is 
deposited on the dielectric film and patterned 
to form a control gate. 
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FLASH MEMORY CELL WITH SELF-ALIGNED GATES 
AND FABRICATION PROCESS 

This invention pertains generally to senniconductor devices and, more 
particularly, to a flash memory cell with self-aligned gates and to a process 
for fabricating the same. 

Electrically programmable read only memory (EPROM) has been widely 
5 used as nonvolatile memory which can keep data unchanged even though 
the power is turned off. However, EPROM devices have a major 
disadvantage in that they have to be exposed to Ultra-Violet (UV) light for 
about 20 minutes for data erasure. This is very inconvenient because an 
EPROM device has to be unplugged from its socket and moved to the UV 
10 light source when the data needs to be changed. 

Electrically erasable programmable read only memory (EEPROM) overcomes 
this problem and permits data to be erased electrically in a much shorter 
period of time, typically less than 2 seconds. However, it still has a 
disadvantage in that the data must be erased on a byte-by-byte basis. 

15 Flash EEPROM is similar to EEPROM in that data is erased electrically and 
relatively quickly. However, with flash EEPROM, the data is erased in 
blocks which typically range in size from 128 to 64K bytes per block, 
rather than on a byte-by-byte basis. 

Examples of EPROM, EEPROM or flash EEPROM memory devices fabricated 
20 with conventional shallow trench and LOCOS (local oxidation of silicon) 
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isolation techniques are illustrated in Figures 1 and 2. Each of these 
devices includes an array of memory cells 1 1 , each of which has a floating 
gate 12 and a control gate 13. The floating gate is an isolated island of 
polycrystalline or amorphous silicon which is formed above a thin gate 
oxide 14 in an active area 16 where the source, drain and channel regions 
(not shown) are located. The control gate is positioned above the floating 
gate, and is usually made of heavily doped poiysilicon or polycide. A 
dielectric film 17 is positioned between the two gates. Depending upon 
the application, the dielectric can be an ONO (oxide/nitride/oxide) film, a 
pure oxide film, or another combination of oxide and nitride. 

The threshold voltage of a memory cell, as observed from control gate, is 
dependent upon the amount of electrons stored inside the floating gate. 
Most memory cells can store two-bit data, e.g. a logic "1" for the 
conduction state when the threshold voltage is low, and a logic "0" for the 
non-conduction state when threshold voltage is high. In some high density 
applications, multi-level cells can store more than two bits per cell, e.g. 4 
bits, 8 bits, or more, per cell. This is accomplished by controlling the 
amount of electrons inside floating gate more precisely so that more than 
two different threshold voltages can be achieved. 

Heretofore, in most devices of this type, the floating gate has been formed 
by thermally growing the gate or tunnel oxide 14 to a thickness on the 
order of 70 - 250 A on the active areas 16 of a silicon substrate 18 
between isolation oxide regions 19 which separate adjacent ones of the 
memory cells 1 1 . A conductive layer 21 is then formed on the gate oxide, 
and the dielectric film 17 is formed on the conductive layer. The 
conductive layer is typically a chemical vapor deposited (CVD) poiysilicon 
film or an amorphous silicon film having a thickness on the order of 
1 500 - 2500 A, and is doped with phosphorus, arsenic or boron either by 
in situ doping or by ion implantation. The dielectric film is either pure oxide 
or a combination of oxide and nitride. 
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A photolithographic mask is formed on the dielectric film to define either 
a complete floating gate pattern in which all four sides of the floating gate 
are delineated or a partial floating gate pattern in which only the two sides 
along the edges of the active area are delineated. The unmasked portions 
of the dielectric film and the conductive layer are etched away 
anisotropically to form the floating gate pattern. A second conductive 
layer 22 then formed over the dielectric layer, and a second 
photolithographic mask is formed on the second conductive layer to define 
the control gate pattern and to complete the definition of the floating gate 
pattern in cases where that pattern was only partly defined previously. 
The unmasked portions of the second conductive layer and the dielectric 
layer are then etched away anisotropically to complete the control gate 
pattern and to complete the floating gate pattern where that pattern has 
not been completed previously. 

Top views of stack-gate and split-gate memory cell arrays made with the 
shallow trench or LOCOS techniques are illustrated in Figures 3 and 4. The 
floating gates 12 have end caps 23, 24 which extend over the isolation 
oxide regions 19. Control gates 13 overlie the floating gates and form a 
word lines. In the split-gate array, the control gates include portions 13a 
which are used as select gates, with no portion of the floating gates 
beneath them. Bit lines 25, which are typically made of metal and 
separated by isolation oxide 1 9. interconnect the drains of the memory 
cells in each column. Source lines 26, which typically consist of P-i- or 
N -I- diffusion layers in the silicon substrate, interconnect the sources of the 
memory cells in the same row. 



End caps 23, 24 are required in order to provide tolerance for corner 
rounding and shifting of the floating gate patterns relative to the isolation 
oxide regions during the photolithographic masking step(s) in which the 
floating gates are formed. The corner rounding effect may make the edges 
27 shorter after the photolithographic step(s), and the shift of the floating 
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gate relative to the active area may cause the edges 27 to move beyond 
the edges 28 of the active areas. Either or both of those effects can result 
in a floating gate which does not completely cover the active area, and 
that can create a leakage path which will cause the transistor to 
5 malfunction. 

In extending over the isolation oxide regions, end caps 23, 24 also help to 
form large capacitance areas 29 between the control gate and the floating 
gate, which results in a large coupling ratio between the two gates. This 
large ratio is important in memory cells because more voltage can be 
10 coupled from the control gate to the floating gate during write and erase 
operations. 

In order to prevent the situation where the floating gate only partially 
covers the active area due to process variations, it has been necessary to 
increase the layout tolerance by making the end caps wider. In addition, 
1 5 the spacing 30 between adjacent ones of the floating gates must be made 
wide enough to avoid shorting between the gates. These two 
requirements have resulted in increased memory cell size and higher die 
cost. 

U.S. Patent 5,767,005 describes a process for fabricating a self-aligned 
20 floating gate which does not have caps overlying the isolation, or field, 
oxide. In this process, the floating gate is formed by depositing a 
conductive layer over the field oxide as well as in a recess formed in the 
field oxide over the active region of the substrate. The conductive layer is 
then planarized by a step such as chemical mechanical planarization (CMP) 
25 until the top of the conductive material is coplanar with the upper surface 
of the field oxide and the material is left only in the recess. The floating 
gate is thus self-aligned, with the inner wall of the recess defining the 
peripheral shape of the gate. While this process does eliminate the need 
for a critical masking step in the formation of the floating gate, it has the 
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disadvantage of applying CMP polishing directly to the polysilicon or other 
conductive material from which the floating gate is formed. In addition, 
the floating gate is relatively short and provides only limited coupling with 
the control gate. 

It Is in general an object of the Invention to provide a new and improved 
semiconductor deyk^e and ^^^^ 

Another object of the invention is to provide a semiconductor device and 
process of the above character which overcome the limitations and 
disadvantages of the prior art. 

These and other objects are achieved in accordance with the invention by 
providing a nonvolatile memory cell and process in which isolation oxide 
regions are formed on opposite sides of an active area in a substrate to a 
height above the substrate on the order of 80 to 1 60 percent of the width 
of the active area, a gate oxide is formed over the active area, a first layer 
of silicon is deposited on the gate oxide and along the sides of the isolation 
oxide regions to form a floating gate having a bottom wall which is 
substantially coextensive with the gate oxide and side walls having a 
height on the order of 80 to 1 60 percent of the width of the bottom wall, 
a dielectric film is formed on the floating gate, and a second layer of silicon 
is deposited on the dielectric film and patterned to form a control gate 
which is capacitively coupled with the floating gate. 

In some embodiments, a control gate or a thick dielectric film is used as a 
mask in the formation of a floating gate and also as a step in the formation 
and alignment of a select gate. The floating gate is relatively thin and has 
a side wall with a rounded curvature which, in some embodiments, serves 
as a tunneling window for electrons migrating to the select gate during 
erase operations. In other embodiments, the gate oxide beneath the 
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floating gate is relatively thin, and the electrons tunnel through the gate 
oxide to the source region in the substrate below. 

Figure 1 is a schennatic cross sectional view of a floating gate memory 
device of the prior art with shallow trench isolation. 

Figure 2 is a schematic cross sectional view of a floating gate memory 
device of the prior art with LOCOS isolation. 

Figure 3 is a schematic top plan view of a stack-gate memory cell array of 
the prior art. 

Figure 4 is a schematic top plan views of a split-gate memory cell array of 
the prior art. 

Figures 5A - 5H are schematic cross sectional views illustrating the steps 
in one embodiment of a process for fabricating a stack-gate or split-gate 
memory cell using shallow trench isolation in accordance with the 
invention. 

Figure 6 is a schematic top plan of a stack-gate memory device 
manufactured in accordance with the process of Figures 5A - 5H. 

Figure 7 is a cross-sectional view taken along line 7-7 in Figure 6. 

Figures 8A - 8E are schematic cross sectional views illustrating the steps 
in another embodiment of a process for fabricating a stack-gate or split- 
gate memory cell using LOCOS isolation in accordance with the invention. 

Figure 9 is a schematic top plan of a split-gate memory cell array 
manufactured in accordance with the process of Figures 8A - BE. 
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Figure 10 is a cross-sectional view taken along line 10-10 in Figure 9. 

Figures 1 1 A and 1 1B are schematic cross sectional views illustrating the 
steps in another ennbodiment of a process for fabricating a nonvolatile 
memory device using shallow trench isolation in accordance with the 
invention. 



Figures 12A and 12B are schematic cross sectional views illustrating the 
steps in another embodiment of a process for fabricating a nonvolatile 
memory device using LOCOS isolation in accordance with the invention. 

Figures 13A - 13G are schematic cross sectional views illustrating the 
steps in one embodiment of a process for fabricating a flash memory cell 
with self-aligned floating, control, and select gates. 

Figures 14 is a cross sectional view of an embodiment of a flash memory 
cell which has self-aligned floating and select gates, but no control gate. 

Figure 15 is a cross sectional view of another embodiment of a flash 
memory cell which has self-aligned floating, control and select gates. 

Figures 16-19 are top plan views of memory cell arrays utilizing the 
memory cells of Figures 13G, 14 and 15. 

Figures 20 and 21 are circuit diagrams of the memory cell arrays of Figures 
16-19. 

As illustrated in Figure 5A, shallow trenches 31 are formed in a silicon 
substrate 32. The silicon can be an N-well material, a P-well material or 
simply a P-type material. A pad oxide 33 is formed on the substrate, and 
a silicon nitride layer 34 is deposited on the pad oxide. These layers are 



wo 00/51188 



- 8 - 



PCTAJSOO/04455 



patterned to form a mask, and the substrate is etched through the mask 
to form the trenches. 



An Isolation oxide 36 is then deposited in the trenches and pianarized so 
that it Is level with the upper surface of the nitride layer. The oxide can, 
for example, be deposited by chemical vapor deposition (CVD), and 
pianarized by CMP polishing. In this process, pad oxide 33 and nitride 
layer 34 serve not only as a mask for forming the trenches, but also as a 
means for building up the height of the isolation oxide. As discussed more 
fully hereinafter, the step height 35 {i.e. the height of the upper surface of 
the nitride layer above the upper surface of the silicon substrate) is 
important because it provides the floating gate with a large side wall along 
the edge of the isolation oxide, which increases the capacitance between 
the control gate and the floating gate. With a large coupling ratio, more 
voltage is coupled from the control gate to the floating gate during write 
and erase operations of the memory cell. 

After the isolation oxide regions are formed, the nitride layer is stripped 
away, and a thin silicon layer 39 is deposited as illustrated In Figure 5B. 
This layer is etched anisotropically to form silicon spacers along the edges 
of the isolation oxide, as illustrated In Figure 5C. These spacers are then 
thermally oxidized to form steeply sloped oxide spacers, as Illustrated in 
Figure 5D. Thereafter, pad oxide 33 is removed from the silicon substrate 
by a wet dip, and a thin gate or tunnel oxide 37 is formed on active areas 
38, as Illustrated in Figure 5E. The gate oxide is thermally grown and has 
a thickness on the order of 70- 150 A, 

A relatively thin silicon layer 41 is then deposited on the gate oxide and the 
isolation oxide, and a nitride film 42 is deposited on the silicon. The silicon 
layer has a thickness on the order of 100 - 1000 A, which is substantially 
thinner than the floating gates (1 500 - 2500 A) of prior art devices. It can 
be either polysilicon or amorphous silicon. The silicon is preferably doped 
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with phosphorus, arsenic or boron to a level on the order of 10^^ to 10^^ 
per cm^. The doping can be done in-situ during deposition of the silicon or 
by Ion implantation through the nitride. 

A silicon-on-glass (SOG) or CVD oxide 43 is deposited over the nitride film, 
5 and planarized by etch back or CMP polishing to the level of the upper 
surface of the nitride film over the isolation oxide 36, as illustrated in 
Figure 5F. That leaves oxide 43 only in the regions above active areas 38, 
and using that oxide as a mask, the nitride film is etched away in the areas 
over the isolation oxide. The remaining SOG or CVD oxide is then etched 

10 away with a wet chemical solution, exposing the nitride 42 in the active 
areas. Using that nitride as a mask, the silicon 41 above the isolation 
oxide is removed by an anisotropic dry etch, as shown in Figure 5G, 
leaving the silicon only in the active areas to form floating gates 44. Those 
gates extend along the top surface of gate oxide 37 and along the side 

15 edges of the isolation oxide. 

As illustrated in Figure 5H, once the floating gates have been formed, the 
nitride which covers them is stripped away, and a dielectric film 46 is 
deposited over the floating gates and the isolation oxide. That film is 
preferably an ONO (oxide/nitride/oxide) film, but it can also be a pure oxide 
20 film or another combination of oxide and nitride. A layer 47 of polysilicon 
or polycide [e.g., tungsten silicide) is deposited over the dielectric film and 
patterned to form the control gates 48, as illustrated in Figure 6. 

The control gates are patterned by means of a photolithographic mask (not 
shown) which also defines the edges 51 of the floating gates which extend 
25 across active areas 38. The two silicon layers and the dielectric layer in 
the unmasked areas are then etched away anisotropically, leaving control 
gates 48 and floating gates 44, with edges 51 of the floating gates being 
self-aligned with the corresponding edges of the control gates. The other 
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two edges 52 of the floating gates are self-aligned with the side edges 36a 
of the isolation oxide. 

As illustrated in Figure 7, drain and source regions 53, 54 are formed in 
substrate 18. with portions 54a of the source regions lying beneath the 
floating gates. These regions are heavily doped conduction layers with a 
conductivity type opposite to that of the silicon substrate. Oxide spacers 
55 are formed along the sides of the memory cells. 

The capacitance areas between the control gates and the floating gates 
can be made relatively large by making silicon layer 41 relatively thin and 
increasing the height of the side walls 44a of the floating gates. In the 
embodiment illustrated, the height of the side walls 44a is on the order of 
80 to 160 percent of the width of the bottom wait 44b of the floating 
gate, and preferably is on the order of 1000 - 5000 A. The control gates 
have relatively high side walls 48a and bottom walls 48b in closely spaced 
facing relationship with the side walls and bottom walls of the floating 
gates. This provides a large coupling ratio between the control gates and 
the floating gates so that voltages can be coupled efficiently from the 
control gates to the floating gates, and the memory cells can maintain a 
robust write and erase performance without floating gate caps over the 
isolation oxide. 

Operation of the memory cell of Figures 6 and 7 is as follows, with bias 
voltages applied to the three node terminals as set forth in Table 1 . 



wo 00/51188 



- 11 - 



PCT/USOO/04455 



Table 1 



Mode 


Control Gate 


Drain 


Source 


Erase (1) 


0 volts 


Floating 


« 1 2 volts 


Erase (2) 


- 7 volts 


Floating 


* 5 volts 


Program 


•« 10 volts 


5 volts 


0 volts 


Read 


3 to 5 volts 


1.5 to 3 volts 


0 volts 



In the erase mode, electrons inside floating gate are forced to tunnel from 
floating gate to the portions of the source regions 54a beneath the floating 
gates by Fowler-Nordheim tunneling mechanism. During an erase 
operation, a high electric field (> lOMV/cm) is established across the 
tunnel oxide 37. This can be achieved by applying a negative voltage of 
about -7 volts to the control gate and a positive voltage of about 5 volts 
to the source node, or by applying 0 volts to the control gate and about 1 2 
volts to the source node. The drain node is kept floating in both cases. 
With a coupling ratio of about 90 percent between the control gate and the 
floating gate in the erase mode, most of the voltage difference between 
the source and the control gate appears across the tunnel oxide, with 
electrons being forced to tunnel from the floating gate to the overlapped 
portion of the source region. 

When the erase operation is completed, the floating gate is positively 
charged, the threshold voltage of memory cell becomes lower, and the 
memory cell is in a conduction, or logic "1", state. 

In the program mode, electrons are injected into the floating gate through 
hot carrier injection, and the floating gate becomes negatively charged. 
During a programming operation, the control gate is biased at about 10 
volts, the drain is biased at about 5 volts, and the source Is biased at O 
volts. When electrons flow from source to drain during programming, they 
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are accelerated by high electric field across the channel region, and some 
of them become heated near the drain junction. Some of the hot electrons 
can surpass the oxide barrier height of about 3.1 eV and inject into the 
floating gate. 

When the programming operation is completed, the floating gate is 
negatively charged, the threshold voltage of memory cell becomes higher, 
and the memory cell is in non-conduction, or logic "0" state. 

In the read mode, the control gate is biased at about 3 to 5 volts, the 
source is biased at O volts, and drain is biased at about 1.5 to 3 volts. 
When the memory cell is in the erase state, the read shows a conduction 
state, and a logic "1" is identified by the sense amplifier. When memory 
cell is in the program state, the read shows a non-conduction state, and a 
logic "0" is identified by the sense amplifier. 

The process illustrated in Figures 8A - 8E is generally similar to the process 
of Figures 5A - 5H except that it uses LOCOS (local oxidation of silicon) 
isolation rather than shallow trench isolation. Like reference numerals 
designate corresponding elements in the devices made by the two 
processes. 

In this embodiment, after the pad oxide 33 is formed on the substrate 32, 
a polysilicon layer 56 is formed on the pad oxide, and a nitride layer 57 is 
formed on the polysilicon layer. The isolation oxide 36 is thermally grown, 
with the shortest possible bird's beak 58 projecting laterally from the 
oxide. The height 59 of the isolation oxide above the substrate is 
important in providing the floating gate with a high side wall and a large 
coupling capacitance between the control gate and the floating gate. In 
the embodiment illustrated, the height of the isolation oxide above the 
substrate is on the order of 55 percent of the total height 61 of the oxide. 
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After the isolation oxide regions are formed, the pad oxide, polysilicon and 
nitride are stripped away, and the gate oxide 37 is thermally grown on the 
active areas 38. Thereafter, the silicon layer 41 . nitride layer 42 and SOG 
or CVD oxide 43 are deposited as in the embodiment of Figures 5A - 5H, 
and the SOG or CVD oxide is planarized to a level even with the upper 
surface of the nitride over the isolation oxide, thus leaving the SOG or CVD 
oxide 43 only in the active areas. 

As in the embodiment of Figures 5A - 5H, the nitride above the isolation 
oxide 36 is etched away, using the SOG or CVD oxide as a mask. The 
SOG or CVD oxide Is then removed from the active areas with a wet 
etching solution, and using the remaining nitride 42 as a mask, the silicon 
41 above the isolation oxide is etched away, leaving the silicon only in the 
active regions. 

The nitride 42 covering the silicon in the active regions is stripped away, 
and a photolithographic mask is employed to define one or both of the 
sides 51, 52 of the floating gates 44 which extend across the active 
regions 38. If only one side is defined, it is the side 51 which faces 
toward contact 66, and the other side 52 is delineated during formation of ' 
the control gate pattern. After the floating gate mask is defined, the 
silicon in the unmasked areas is etched away anisotropically. 

The dielectric film 46 is deposited over the remaining silicon and the 
isolation oxide, and the second silicon layer 47 is deposited on the 
dielectric film. That layer can be formed of polysilicon which preferably is 
heavily doped with phosphorus, arsenic or boron to a level on the order of 
10^° to 10^' per cm^. The doping can be done either by in-situ doping 
during deposition or by ion implantation. Alternatively, a polycide such as 
tungsten silicide can be used instead of polysilicon. 
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After the second silicon layer is formed, another photolithographic mask is 
employed to define the control gate pattern, as illustrated in Figure 9. 
Following pattern definition, the unmasked portions of the layer are etched 
away anisotropically to form the control gates 48. Where the second sides 
52 of the floating gates have not already been formed, the anisotropic 
etching continues through the dielectric film 46 and silicon layer 44 to 
complete the floating gate pattern. 

As Illustrated in Figure 10, a portion 48c of control gate 48 overhangs 
floating gate 44, a relatively thin gate oxide 37a (e.g., 70 - 1 50 A) is 
formed between the silicon substrate and the floating gate, and a relatively 
thick gate oxide 37b (e.g., 100 - 350 A) is formed between the substrate 
and the overhanging portion of the control gate. Channel 66 also has one 
portion 66a beneath the overhanging portion of the control gate and 
another portion 66b beneath the floating gate. In this embodiment, drain 
53, channel 66 and control gate 48 can be considered to be a select 
transistor which is directly adjacent to the memory cell of which floating 
gate 44 and control gate 48 are a part. 

As in the device manufactured by the process of Figures 5A - 5H, the 
floating gates have relatively high side walls 44a which, in the embodiment 
illustrated, are on the order of 80 to 1 60 percent of the width of the 
bottom wall 44b, and are preferably on the order of 1000 - 5000 A high. 
The control gates also have relatively high side walls 48a and bottom walls 
48b in closely spaced facing relationship with the side walls and bottom 
walls of the floating gates. This provides a relatively large area for 
capacitive coupling with the control gates and results in a large coupling 
ratio so that voltages can be coupled efficiently from the control gates to 
the floating gates. As a result, the memory cells can maintain a robust 
write and erase performance without floating gate caps over the isolation 
oxide. 
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Operation of the memory cell of Figures 9 and 10 is as follows, with bias 
voltages applied to the three node terminals as set forth in Table 2. 



Table 2 



Mode 


Control Gate 


Drain 


Source 


1 Erase (1) 


0 volts 


Floating 


1 2 volts 


Erase (2) 


« - 7 volts 


Floating 


5 volts 


Program 


«• 10 volts 


0 volts 


« 7 volts 


Read 


3 to 5 volts 


1 .5 to 3 volts 


0 volts 



In the erase mode, electrons inside floating gate are forced to tunnel from 
floating gate to the portions of the source regions 54a beneath the floating 
gates by Fowler-Nordheim tunneling mechanism. During an erase 
operation, a high electric field {> lOMV/cm) is established across the 
tunnel oxide 37. This can be achieved by applying a negative voltage of 
about -7 volts to the control gate and a positive voltage of about 5 volts 
to the source node, or by applying 0 volts to the control gate and about 1 2 
volts to the source node. The drain node is kept floating in both cases. 
With a coupling ratio of about 90 percent between the control gate and the 
floating gate in the erase mode, most of the voltage difference between 
the source and the control gate appears across the tunnel oxide, with 
electrons being forced to tunnel from the floating gate to the overlapped 
portion of the source region. 

When the erase operation is completed, the floating gate is positively 
charged, the threshold voltage of memory cell becomes lower, and the 
memory cell is in a conduction, or logic "1", state. 

In the program mode, electrons are injected into the floating gate through 
hot carrier injection, and the floating gate becomes negatively charged. 
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During a programming operation, the control gate is biased at about 10 
volts, the drain is biased at 0 volts, and the source is biased at about 7 
volts. When electrons flow from drain to source during programming, they 
are accelerated by high electric field across the channel region, and some 
of them become heated near the source junction. Some of the hot 
electrons can surpass the oxide barrier height of about 3.1 eV and inject 
into the floating gate. 

When the programming operation is completed, the floating gate is 
negatively charged, the threshold voltage of memory cell becomes higher, 
and the memory cell is in non-conduction, or logic "0" state. 

In the read mode, the control gate is biased at about 3 to 5 volts, the 
source is biased at 0 volts, and drain is biased at about 1.5 to 3 volts. 
When the memory cell is in the erase state, the read shows a conduction 
state, and a logic "1 " is identified by the sense amplifier. When memory 
cell is in the program state, the read shows a non-conduction state, and a 
logic "0" is identified by the sense amplifier. 

Figures 1 1 A and 11 B illustrate another process for forming a self-aligned 
floating gate using CMP polishing and shallow trench Isolation. Isolation 
oxide regions 36 are formed as described above, and gate oxide 37 is 
grown on the active regions 38. A layer 68 of polysilicon or amorphous 
silicon is deposited over the gate oxide and the isolation oxide. This layer 
has a thickness on the order of 100 - 1000 A, and is doped with 
phosphorus, arsenic or boron to a level on the order of 10" to 10^° per 
cm^ A nitride layer 69 which also has a thickness on the order of 100 - 
1000 A is deposited on the silicon. 

In the case where the silicon is very thin, e.g. less than about 500A, and 
Is doped by Ion implantation, it is preferable to implant the ions through the 



wo 00/51188 



- 17 - 



PCTAJS0O/O445S 



nitride so that most of the implanted ions are distributed into the silicon, 
rather than penetrating into the gate oxide and/or the silicon substrate. 

A CMP polishing operation is then performed to remove the nitride 69 
above the isolation oxide to a level at or slightly below the upper surface 
of the silicon 68 on the isolation oxide, as illustrated in Figure 1 1B. Using 
the nitride remaining in the active areas as a mask, the silicon above the 
isolation oxide is anisotropically etched away. The control gates, the 
dielectric film between the control gates and the floating gates, and the 
remaining edges of the floating gates are formed as in the process of 
Figures 5A - 5H. 

Figures 1 2A and 1 2B illustrate a process which is substantially identical to 
the process of Figures 11A and 118, except that the isolation oxide 
regions are formed by a LOCOS process, rather than shallow trenching. 
Once the isolation oxide regions are formed, the remaining steps are 
substantially identical, and like reference numerals designate corresponding 
elements in the devices produced by the two processes. Thus, gate oxide 
37 is grown on the substrate, silicon layer 68 is deposited over the gate 
oxide and the isolation oxide, and nitride layer 69 is deposited on the 
silicon. 

The nitride above the isolation oxide is removed by CMP polishing, and the 
remaining nitride is used as a mask in etching away the silicon above the 
isolation oxide. The control gates, the dielectric film between the control 
gates and the floating gates, and the remaining edges of the floating gates 
are formed as in the process of Figures 5A - 5H. 

The Invention has a number of important features and advantages. The 
relatively thin floating gate with high side walls provides a large coupling 
capacitance between the control gate and the floating gate, which provides 
robust write and erase operation without the end caps required by prior art 
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devices. Eliminating the end caps significantly reduces the size of the 
memory cells and the array. Moreover, process yield fluctuation caused by 
pattern shifting and corner-rounding are eliminated, resulting in better and 
more stable process yields. 

The processes of Figures 1 1 A - 1 1B and 12A - 12B have the further 
advantage that the thin silicon on the isolation oxide regions can be etched 
entirely during the silicon etch by adding an over-etch step, and at the 
same time the height 71 of the side wall of the silicon can be accurately 
controlled. This is important in maintaining a large capacitance between 
the control gate and the floating gate to get the desired amount of 
coupling. Moreover, the nitride also serves to protect the thin silicon layer 
and the underlying thin gate oxide from contamination during the CMP 
polishing step. 

In the process illustrated in Figures 13A - 13G, an oxide layer 136 having 
a thickness on the order of 70 - 250 A is thermally grown on a 
monocrystalline silicon substrate 137 for use as a gate oxide or a tunnel 
oxide. The substrate can be in the form of a P-well or P-substrate material. 
A layer 138 of polysilicon or amorphous silicon (the poly-1 layer) Is 
deposited on the oxide layer for use as a floating gate, and a dielectric film 
1 39 is formed on the silicon layer. The poly-1 layer has a thickness on the 
order of 100 - 1000 A, which is substantially thinner than the floating 
gates in prior art devices which are typically about 2000A thick. The 
poiy-1 layer is preferably doped with phosphorus, arsenic or boron to a 
level on the order of 10" to 10^°percm^ The doping can be done /»-s//t/ 
during deposition of the silicon or by ion implantation directly into the 
silicon or through the dielectric film. 

The dielectric film can be either a pure oxide or a combination of oxide, 
nitride and oxide (ONO). and in the embodiment illustrated, it consists of 
a lower oxide layer 141 having a thickness on the order of 30 - 100 A, a 
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central nitride layer 1 42 having a thickness on the order of 60 - 300 A, and 
an upper oxide layer 143 having a thickness on the order of 30 - 100 A. 

A layer 144 of polysilicon (the poly-2 layer) is deposited on the dielectric 
film for use as a control gate. This layer has a thickness on the order of 
1 500 - 3500 A, and is doped with phosphorous, arsenic or boron to a level 
on the order of 10'° to lO^^ per cnn^ A layer 146 of CVD oxide or nitride 
Is then deposited on the poiy-2 layer to a thickness on the order of 
300 - 1000 A. During subsequent dry etching steps, the layer of oxide or 
nitride serves as a nnask to prevent the poly-2 in the control gate area from 
being etched away. 

A photolithographic mask (not shown) is formed over layer 146 to 
simultaneously define both the control gate and the floating gate, and the 
unmasked portions of that layer and the poly-2 layer are removed in an 
anisotropic dry etch, leaving only the portion of the poly-2 which forms the 
control gate 147, as illustrated in Figure 13B. The photoresist is then 
stripped away, and an oxide layer 148 is thermally grown on the side wall 
of the polysilicon to a thickness on the order of TOO - 600 A. 

During the thermal oxidation process, the corners of the polysilicon become 
rounded because the oxidation rate for the silicon is faster next to the 
interfaces with oxide layers 143, 146. This rounding enhances the 
performance of the memory cell during erase cycles by eliminating the 
sharp corners of the polysilicon and thus minimizing the leakage current 
between the control gate and the select gate. 

Referring now to Figure 13C, using the control gate and oxide and/or 
nitride on it as a mask, the inter-poly dielectric and the poly-1 are etched 
in an anisotropic dry etch to form the inter-poly dielectric 149 and the 
floating gate 151. Thereafter, in a thermal oxidation step, a select gate 
oxide 152 if formed on the substrate, an oxide layer 153 is formed on the 
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exposed edge of the floating gate, and the oxide layer 148 on the side wall 
of the control gate is made thicker. Oxide layer 1 53 is used as a tunneling 
oxide, and preferably has a thickness on the order of 50 - 300 A. If 
desired, a thin layer of CVD oxide (about 50 - 200 A) can be deposited on 
the thermal oxide to improve the quality of the oxide films and reduce 
disturbances between the select gate and the floating gate. 

During the thermal oxidation process, the edge portion or side wall 1 54 of 
the floating gate becomes rounded because the oxidation rate for the 
poly-1 is faster near the interfaces with the oxide layers above and below 
it. This rounded curvature provides an electric field enhancement which 
makes it much easier for electrons to tunnel out of the floating gate 
through this area. In addition, it eliminates the localized trapping effect 
which occurs in a tunnel oxide near square corners of poly-1. This 
enhances performance of the memory cell during both the program cycle 
and the erase cycle. 

A poiysilicon layer (poly-3) 1 56 is then deposited over the oxide layers, and 
a nitride or oxide layer 157 is deposited on the poly-3 layer, as illustrated 
in Figure 1 3D. During this deposition, the step formed by the control gate, 
the layer of oxide or nitride on it, the inter-poly dielectric and the floating 
gate causes a corresponding step 156a to be formed in the poly-3 layer. 
That step is utilized in subsequent removal of portions of the poly-3 layer 
to form the select gate, and for that reason, the thickness of the poly-3 
layer should be less than the height of the step over which it is formed. 
In one present embodiment, the poly-3 layer has a thickness on the order 
of 2000 - 4000 A, and nitride or oxide layer 157 has a thickness on the 
order of 200 - 1 500 A. 



The nitride or oxide is removed from the flat areas of the poly-3 layer by 
anisotropic dry etching, leaving only the vertically extending portion 158, 
as shown in Figure 13E. The poly-3 layer is also etched anisotropically to 
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form the select gate 1 59. Since the poly-3 layer is thinner than the step 
formed by the control gate and the other elements beneath it, etching to 
the thickness of the poly-3 layer removes all of the poly-3 above the 
control gate and all of the poly-3 outside the area where the step 1 56a 
was formed. 



. Tl!'® "'^'''^.e or P2<!^e in regjQn 1 58 protects the shoulder 1 61 of the poly-3 
from being etched away. It also provides control over the channel length 
of the select gate and reduces the sheet resistance of the select gate. 
Thus, for example, by making the nitride or oxide layer thicker, the 
shoulder can be made wider, resulting in a longer channel length. The 
thickness of the poly-3 layer can also be used to adjust the width and 
height of the select gate, with thicker poly-3 resulting in a thicker and 
wider gate. Lower sheet resistance reduces the loading effect of the select 
gate and results in faster performance for the memory cell. 

The remaining nitride or oxide is stripped away, as illustrated in Figure 13F, 
and after photolithographic masking, the poly-3 spacer 162 on the side of < 
the control gate opposite the select gate is etched away. 

As illustrated In Figure 13G, source 1 63 and drain 164 are now formed in 
the substrate, and oxide spacers 1 66 are formed to the side of the select 
gate 1 61 and control gate 147. Both the source and the drain are heavily 
doped with an N-type material such as phosphorus or arsenic, and the 
source is made with a deeper junction than the drain in view of the high 
voltage which will be applied across it during the program operation. The 
erase path of this memory cell is from the rounded curvature of the side 
wall 1 54 of the floating gate to the select gate. Because of the relatively 
thin floating gate and the rounded curvature of the side wall, the coupling 
ratio between the control gate and the floating gate can be made large, and 
electron tunneling is more efficient due to enhancement of the local electric 
field around the curvature of the side wall. 
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By using the control gate as a mask, the floating gate is automatically self- 
aligned with the control gate. The select gate is likewise completely self- 
aligned with respect to the floating gate and the control gate, and the 
select gate can have a small sheet resistance and better performance 
during cell operation. 

Operation of the memory cell of Figure 13G is as follow, with bias voltages 
applied to the four node terminals as set forth in Table 3. 



Table 3 



Mode 


Control Gate 


Select Gate 


Drain 


Source 


Erase 


-7.0 to -12.0 


3.0 to 7.0 


Floating 


Floating 


Program 


7.0 to 10.0 


1.5 to 3.0 


0 


4.0 to 8.0 


Read 


0 to 2.5 


2.5 to 5.0 


1.5 to 3.0 


0 



In the erase mode, Fowler-Nordheim tunneling causes electrons to migrate 
from the floating gate to the select gate, leaving the positive ions as the 
majority carrier inside the floating gate. The rounded curvature of the 
floating gate enhances the electric field effect, and the tunneling takes 
place at a lower applied voltage than it would with two flat surfaces on 
opposite sides of the tunneling oxide. The electric field enhancement also 
makes It possible to form a thicker tunnel oxide while still maintaining 
sufficient electron tunneling. 

The coupling ratio from the control gate to the floating gate is about 70 to 
80 percent in the erase mode, which means that about 70 to 80 percent 
of the control gate voltage is coupled to the floating gate. This causes 
most of the voltage difference between the control gate and the select 
gate to fall across the tunnel oxide surrounding the rounded side wall of 
the floating gate, which triggers Fowler-Nordheim tunneling with electrons 
tunneling from the floating gate to the select gate. As the floating gate 
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becomes more positive, the threshold voltage of the memory cell decreases 
to a level of -5.0 to -1.0 volts. This results in an inversion layer of the 
channel under the floating gate when the control gate is biased at 0 to 2.5 
volts. Therefore, the memory cell is in a conduction, or logic 1 , state after 
an erasing. 

JP_^^® program mode, electrons are injected into the floating gate, and the 
floating gate becomes negatively charged. With the control gate biased at 
7.0 to 10 volts, the select gate biased at 1 .5 to 3.0 volts, the drain biased 
at around O volts, and the source biased at 4.0 to 8.0 volts, most of the 
source-to-drain voltage falls across the mid-channel region between the 
select gate and the floating gate, which generates a high electric field in 
the mid-channel region. Moreover, since the floating gate is coupled to a 
high voltage by the voltages supplied from the source and the control gate, 
a high vertical electric field is established across the oxide between the 
mid-channel region and the floating gate. 

When electrons flow from the drain to the source during programming, 
they are accelerated by the high field across the mid-channel region, and 
some of them become heated. Being accelerated by the vertical electric . 
field, some of the hot electrons can surpass the oxide barrier height of 
about 3.1 eV and inject into the floating gate. When the programming is 
finished, the floating gate becomes negatively charged, and the threshold 
voltage of the memory cell increases to a level of about 3.0 to 6.0 volts. 
This turns off the channel under the floating gate, with the control gate 
biased at O to 2.5 volts. Thus, the memory cell is in a non-conductive, or 
logic 0, state after programming. 

In the read mode, the control gate is biased at 0 to 2.5 volts, the source 
is biased at 0 volts, the drain is biased at 1 .5 to 3.0 volts, and the select 
gate is biased at 2.5 to 5.0 volts. When the memory cell is in the erase 
state, the read shows a conduction state (logic 1 ) because both the 
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floating gate and the select gate channels are turned on. When the 
memory cell is in a program state, the read shows a non-conduction state 
(logic 0) because the floating gate channel is turned off. 

The embodiment of Figure 14 is generally similar to the embodiment of 
Figure 13G, and like reference numerals designate corresponding elements 
in the two embodiments. In the embodiment of Figure 1 4, however, there 
are only two silicon layers, and the memory cell has only a floating gate 
151 and a select gate 159; there is no control gate. This embodiment also 
has a deeper source junction 167 and a wider area of source overlap 168 
under the floating gate, which serve the function of the control gate in 
providing the voltage which is coupled to the floating gate. 

The ONO film on the poly-1 is also thicker in this embodiment, with a 
bottom oxide layer 1 69 which is on the order of 50 - 300A thick, a nitride 
layer 171 which is on the order of 1000 - 2000A thick, and a top oxide 
layer 172 which is on the order of 200 - lOOOA thick. This thick film is 
etched anisotropically to serve as a mask in the formation of the floating 
gate and to provide a step which is used in the formation of the select 
gate, just as the control gate is utilized in the embodiment of Figures 13A- 
4G. Alternatively, if desired, the ONO layer can be replaced with an ON 
film having a bottom oxide layer on the order of 50 - 300A thick and a 
nitride layer on the order of 1000 - 3000A thick. The erase path of this 
memory cell is from the rounded curvature of the side wall 1 54 of the 
floating gate to the select gate. 

Operation of the memory cell of Figure 14 is as follows, with bias voltages 
applied to the node terminals as set forth in Table 4a. 
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Table 4a 



Mode 


Select Gate 


Drain 


Source 


Erase 


12 to 15.0 


Floating 


0 


Program 


1.5 to 3.0 


0 


10.0 to 13.0 


Read 


2.5 to 5.0 


1.5 to 3.0 


0 



In the erase mode, Fowler-Nordheim tunneling causes electrons to tunnel 
from the floating gate to the select gate. A positive voltage on the order 
of 12 to 15 volts is applied to the select gate, the drain node is kept 
floating, and the source node is biased at 0 volts. With a coupling ratio 
from the source node on the order of 70 to 85 percent, for example, about 
70 to 85 percent of the source voltage is coupled to the floating gate. 
With the combination of the overlapping source 168 and channel regions 
173, there is more voltage coupled from the source node to the floating 
gate. This results in a larger coupling ratio, e.g., about 80 to 90 percent 
in this example. Therefore, most of the voltage difference between the 
select gate and the source is located across the tunnel oxide surrounding 
the rounded side wall 1 54 of the floating gate, triggering Fowler-Nordheim 
tunneling and forcing electrons to tunnel from the floating gate to the 
select gate. After the erase operation is finished, the floating gate 
becomes positively charged, and the threshold voltage of the memory cell 
decreases to the level of -5.0 to -1 volt. Thus, an Inversion layer can be 
formed in the channel under the floating gate even though there is no 
control gate above the floating gate. The memory cell Is now In its 
conduction state (logic 1). 

in the program mode, the select gate is biased at 1.5 to 3.0 volts, the 
drain is biased at around O volts, and the source Is biased at 10 to 13 
volts. This bias condition can turn on the channel under the select gate 
and the channel under the floating gate. Therefore, most of the source-to- 
drain voltage is set across the mid-channel region between the select gate 
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and the floating gate. The floating gate is coupled to a high voltage from 
the source under the floating gate, and thus a high vertical electric field is 
established across the oxide between the mid-channel region and the 
floating gate. The combined high electric fields around the mid-channel 
region generates hot electrons and forces some of them to be injected into 
floating gate. After programming is finished, the floating gate becomes 
negatively charged, and the threshold voltage of the memory cell increases 
to a level on the order of 3.0 to 6.0 volts. The channel under the floating 
gate is now turned off, and the memory cell is in a nonconductive state 
(logic 0). 

In the read mode, the source is biased at 0 volts, the drain is biased at 1 .5 
to 3.0 volts, and the select gate is biased at 2.5 to 5.0 volts. When the 
memory cell is in the erase state, the read shows a conduction state 
because both the floating gate and the select gate channels are turned on. 
When the memory cell is in the program state, the read shows a 
nonconductive state because the floating gate channel is turned off. 

Alternatively, in the embodiment of Figure 14, the memory cell can be 
fabricated in a P-well surrounded by an N-well or an N-type substrate. In 
this case, the bias voltages applied to the terminal nodes of the memory 
cell are set forth in Table 4b. 



Table 4b 



Mode 


Select Gate 


Drain 


Source 


P-Well 


Erase 


6.0 to 9.0 


Floating 


-9 to -6 


-9 to -6 


Program 


1.5 to 3.0 


0 


10.0 to 13.0 


Floating 


Read 


2.5 to 5.0 


1.5 to 3.0 


0 


Floating 



Operation of this memory cell is otherwise the same as described above for 
the embodiment of Figure 1 4, with the channel and source regions beneath 
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the floating gate providing an even higher coupling ratio for the floating 
gate. 

The embodiment of Figure 1 5 is also generally similar to the embodiment 
of Figure 13G, and like reference numerals designate corresponding 
elements in these two embodiments as well. In the embodiment of Figure 
_ l?i ^9^^^^^^'. O'^'Ae layer 1 36 |s qnjthe order of 70l^ 1 2QA_ thick._ and is 
used as the tunnel oxide for the erase operation. The oxide 153 
surrounding the rounded side wall 1 54 of the floating gate is not used as 
a tunneling oxide in this embodiment, and can be made thicker, e.g., up to 
about 200 - 1000A. A poly-2 layer 144 is included to form a control gate 
147, and the inter- poly dielectric is preferably an ONO film, as in the 
embodiment of Figure 13G. In this embodiment, the tunneling window is 
the area of overlap 1 68 of the source beneath the floating gate, and the 
erase path is from the floating gate to the overlapping portion of the 
source. 

Operation of the memory cell of Figure 1 5 is as follows, with bias voltages 
applied to the four node terminals as set forth in Table 5. 



Table 5 



Mode 


Control Gate 


Select Gate 


Drain 


Source 


Erase 


'7.0 to -12.0 


Floating 


Floating 


3.0 to 7.0 


Program 


7.0 to 10.0 


1.5 to 3.0 


0 


4.0 to 8.0 


Read 


0 to 2.5 


2.5 to 5.0 


1.5 to 3.0 


0 



In the erase mode, electrons inside the floating gate are forced to tunnel 
from the floating gate to the overlapping source region 1 68 by Fowler- 
Nordheim tunneling. During the erase operation, a high electric field (> 
lOMV/cm) is established across the tunnel oxide 136 that was thermally 
grown on the silicon substrate. That is achieved by applying a negative 
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voltage on the order of -7.0 to -12.0 to the control gate and a positive 
voltage on the order of 3.0 to 7.0 volts to the source node. The drain and 
select gate nodes are kept floating, and the coupling ratio can, for 
example, be on the order of 70 to 85 percent. Therefore, most of the 
voltage difference between the control gate and the source is located 
across the tunnel oxide, resulting in Fowler-Nordheim tunneling and 
movement of electrons from the floating gate to the overlapping source 
region. After the erasing operation is finished, the floating gate is 
positively charged, and the threshold voltage of the memory cell drops to 
a level on the order of -5.0 to -1 .0 volts. This forms an inversion layer in 
the channel under the floating gate when the control gate is biased at 0 to 
2.5 volts. Therefore, the memory cell is in a conduction state (logic 1) 
after an erase operation. 

The program mode is similar to that of the embodiment of Figure 13G. 
However, the values of the bias voltages may be vary due to the different 
thickness of oxide 1 36 and oxide 1 53. After the programming is finished, 
the floating gate becomes negatively charged, and the threshold voltage 
of the memory cell increases to a level on the order of 3.0 to 6.0 volts. 
This turns off the channel under the floating gate when the control gate is 
biased to 0 to 2.5 volts. Therefore, the memory cell is in a nonconducting 
state (logic 0) after programming. 

Figures 1 6 and 1 7 illustrate NOR-type memory cell arrays of memory cells 
of the type illustrated in Figures 13G and 15 with and without floating 
gates which are self-aligned with the edges of the active areas. In the 
embodiment of Figure 16, the edges 151a, 151b of floating gate 151 are 
aligned with the edges of active area of substrate 137, whereas in the 
embodiment of Figure 17, the floating gate has end caps 151c, 15ld 
which extend over isolation oxide regions 173. Without self-alignment of 
the edges of the floating gate with the edges of the active region, these 
end caps are necessary in order to prevent short channeling or 
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punchthrough due to pattern shifting or corner rounding during formation 
of the floating gates. 

A circuit diagram for the memory cell arrays of Figures 1 6 and 1 7 is shown 
in Figure 20. All of the memory cells in a given column have their drains 
connected to a bit line BL^,, BL„, BL„+i, etc., which is typically a metal line 
176-78 that crosses over the active area, and all of the cells in a given row 
are connected to a source line 179, which is typically an N+ diffusion 
layer in the silicon substrate 137. Adjacent ones of the bit lines are 
isolated from each by a dielectric film (not shown). All of the select gates 
159 in a given row are connected together by a select gate line 181, and 
all of the control gates 147 in a given row are connected together by a 
control gate line 182. The select gate lines and the control gate lines are 
formed of the poly-3 and poly-2 layers, respectively. 

Figures 18 and 19 illustrate NOR-type memory cell arrays of memory cells 
of the type illustrated in Figure 14 with and without floating gates which 
are self-aligned with the edges of the active areas. In the embodiment of 
Figure 18, the edges 151a, 1 51b of floating gate 151 are aligned with the 
edges of active area of substrate 137, whereas in the embodiment of 
Figure 19, the floating gate has end caps 151c, 151d which extend over 
isolation oxide regions 173! These embodiments are similar to the 
embodiments of Figures 16 and 17 except there are no control gates. 

A circuit diagram for the memory cell arrays of Figures 1 8 and 1 9 is shown 
in Figure 21 . This circuit is similar to the circuit of Figure 20 except there 
are no control gates. 

The Invention has a number of important features and advantages. The 
floating gate and the select gate are self-aligned both with respect to each 
other and with respect to the control gate. Being relatively thin, the 
floating gate can have a larger coupling ratio with the control gate, and it 
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presents a smaller tunneling window when the side wall or edge of the 
gate Is used as a source of electrons during erase operations. Moreover, 
the rounded side wall or edge of the floating gate enhances the local 
electric field around the curvature of the edge and provides more efficient 
tunneling of electrons during erase operations. This permits the tunnel 
oxide layer between the select gate and the floating gate to be made wider 
but still maintains a robust erase operation. 

Since the select gate is formed from a layer of silicon which is deposited 
over a step created by the control gate or a thicl< dielectric layer, the height 
and width of the select gate can be controlled by making the step higher 
or shorter, by depositing a thicker layer of silicon, and by depositing a 
thicker or thinner layer or nitride or oxide above the silicon. The nitride or 
oxide protects the shoulder of the silicon step during etching to form the 
select gate. Consequently, the select gate can have a small sheet 
resistance, a small loading effect, and faster performance. 

It is apparent from the foregoing that a new and improved semiconductor 
device and process have been provided. While only certain presently 
preferred embodiments have been described in detail, as will be apparent 
to those familiar with the art, certain changes and modifications can be 
made without departing from the scope of the invention as defined by the 
following claims. 
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CLAIMS 

1 . In a nonvolatile memory cell: a substrate having an active area, a 
gate oxide on the active area, isolation oxide extending upwardly from the 
substrate on opposite sides of the gate oxide to a height on the order of 80 
to 1 60 percent of the width of the gate oxide, a floating gate above the 

. _ gate oxide haying a_ thin bottom, wall and side-walls which extend to the 
top of the isolation oxide so that the height of the side walls is on the order 
of 80 to 160 percent of the width of the bottom wall, a dielectric film 
overlying the floating gate, and a control gate above the dielectric film 
coupled capacitively to the floating gate. 

2. The memory cell of Claim 1 wherein the bottom wall of the floating 
gate has a thickness on the order of 100 to 1000 A. 

3. The memory cell of Claim 1 wherein the floating gate is fabricated 
a silicon material selected from the group consisting of polysilicon and 
amorphous silicon. 

4. The memory cell of Claim 3 wherein the silicon material is doped 
with a material selected from the group consisting of phosphorus, arsenic 
and boron. 

5. The memory cell of Claim 1 wherein the gate oxide has a thickness 
on the order of 70 to 250 A. 

6. The memory cell of Claim 1 wherein a side edge of the floating gate 
is aligned with a side edge of the control gate. 

7. The memory cell of Claim 1 wherein two side edges of the floating 
gate are aligned with two side edges of the control gate. 
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8. In a process for fabricating a semiconductor device having a floating 
gate, the steps of: forming isolation oxide regions on opposite sides of an 
active area in a substrate to a height above the substrate on the order of 
80 to 160 percent of the width of the active area, forming a gate oxide 

5 layer over the active area, depositing a first layer of silicon on the gate 
oxide and along the sides of the isolation oxide regions to form a floating 
gate having a bottom wall which is substantially coextensive with the gate 
oxide and side walls having a height on the order of 80 to 1 60 percent of 
the width of the bottom wall, forming a dielectric film on the floating gate, 
10 and depositing a second layer of silicon on the dielectric film to form a 
control gate which is capacitively coupled with the floating gate. 

9. The process of Claim 8 wherein the isolation oxide regions are 
formed by forming a temporary layer on the substrate to a height on the 
order of 80 to 1 60 percent of the width of the active area, depositing 
oxide to a level above the temporary layer, planarizing the oxide to the 

5 height of the temporary layers, and removing the temporary layer. 

1 0. The process of Claim 9 wherein a portion of the oxide is deposited 
in shallow trenches in the substrate. 

11. The process of Claim 8 wherein the isolation oxide regions are 
formed by forming a temporary layer on the substrate to a height on the 
order of 80 to 1 60 percent of the width of the active area, growing oxide 
to a level above the temporary layer, planarizing the oxide to the height of 

5 the temporary layers, and removing the temporary layer. 



12. In a process for fabricating a semiconductor device having a floating 
gate, the steps of: forming an isolation oxide on a substrate on opposite 
sides of an active region, forming a gate oxide on the substrate in the 
active region, depositing a first layer of silicon on the gate oxide and on the 
sides and top of the isolation oxide, forming a layer of nitride on the first 
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layer of silicon, forming a temporary oxide on the nitride layer, planarizing 
the temporary oxide to the top of the nitride to expose the nitride above 
the Isolation oxide and leaving the temporary oxide in the active region, 
etching away the nitride above the isolation oxide using the temporary 
oxide as a mask and leaving the nitride in the active region, removing the 
temporary oxide from the nitride in the active region, etching away the 
-silicon above the isolation oxide using the nitride in the active region as a 
mask and leaving the silicon in the active region to form a floating gate 
which is aligned with the sides of the isolation oxide, removing the nitride 
from the active region to expose the floating gate, forming a dielectric film 
on the floating gate and on the isolation oxide, depositing a second layer 
of silicon on the dielectric film, and patterning the second layer of silicon 
to form a control gate which is coupled capacitively with the floating gate 
through the dielectric film. 

13. The process of Claim 1 2 including the steps of positioning a mask 
above the second silicon layer, and etching the control gate and the 
floating gate through the mask to form aligned side edges on the two 
gates. 

14. The process of Claim 12 including the steps of forming one side 
edge on the floating gate by etching through a first mask before the 
second layer of silicon is formed, and etching through a second mask 
during the patterning of the second layer to form another side edge on the 
floating gate. 

15. In a process for fabricating a semiconductor device having a floating 
gate, the steps of: forming isolation regions on a substrate on opposite 
sides of an active region, forming a gate oxide on the substrate in the 
active region, depositing a first layer of silicon on the gate oxide and on the 
sides and top of the isolation region, forming a layer of nitride on the first 
layer of silicon, planarizing the nitride to the level of the silicon above the 
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Isolation regions, etching away the silicon above the isolation regions using 
the nitride in the active region as a masic and leaving the silicon in the 
active region to form a floating gate, removing the nitride from the floating 
10 gate, forming a dielectric film over the floating gate and the isolation 
regions, forming a second layer of silicon over the dielectric film, and 
patterning the second layer to form a control gate. 

1 6. The process of Claim 1 5 including the step of doping the first layer 
of silicon with a dopant selected from the group consisting of phosphorus, 
arsenic and boron. 

17. The process of Claim 16 wherein the first layer of silicon is doped 
by implanting ions through the nitride layer. 

18. In a process for fabricating a semiconductor device, the steps of: 
forming a floating gate in an active region above a substrate, forming a 
control gate above the floating gate, using a photolithographic mask to 
define aligned side edges on the control gate and the floating gate, and 

5 etching through the mask to form the aligned side edges. 

19. The process of Claim 18 including the step of using another 
photolithographic mask to define another side edge of the floating mask 
prior to formation of the control gate. 

20. In a process for fabricating a semiconductor device, the steps of: 
forming a floating gate in an active region between two isolation regions, 
using a first photolithographic mask to define two side edges of the 
floating gate perpendicular to the isolation regions, etching through the first 

5 mask to form the side edges, forming a control gate above the floating 
gate, using a second photolithographic mask to define two side edges of 
the control gate, and etching through the second mask to form the two 
side edges of the control gate. 
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21 . In a memory cell: a substrate having an active area, an oxide layer 
formed on the substrate above the active area, a relatively thin floating 
gate having a side wall with a rounded curvature positioned above the 
oxide layer, a control gate which is substantially thicker than the floating 
gate positioned above and in vertical alignment with the floating gate, a 
^'®'e?tr|c film betvyeen the floating gate and the control gate, a select gate 
positioned to one side of the control gate and facing the side wall of the 
floating gate with the rounded curvature, a tunnel oxide between the select 
gate and the floating gate, and a tunneling path for the migration of 
electrons during erase operations extending from the side wall of the 
floating gate with the rounded curvature through the tunnel oxide to the 
select gate. 

22. The memory cell of Claim 21 wherein the floating gate has a 
thickness on the order of 100- lOOOA, and the control gate has a 
thickness on the order of 1500 - 3500A. 

23. In a memory cell: a substrate having an active area, an oxide layer 
formed on the substrate above the active area, a relatively thin floating 
gate having a side wall with a rounded curvature positioned above the 
oxide layer, a dielectric film which is substantially thicker than the floating 
gate positioned above and in vertical alignment with the floating gate, a 
select gate positioned to one side of the control gate and facing the side 
wall of the floating gate with the rounded curvature, a tunnel oxide 
between the select gate and the floating gate, and a tunneling path for the 
migration of electrons during erase operations extending from the side wall 
of the floating gate with the rounded curvature through the tunnel oxide 
to the select gate. 



24. The memory cell of Claim 23 wherein the dielectric film comprises 
a bottom oxide layer which is on the order of 50 - 300A thick, a nitride 
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layer which is on the order of 1000 - 2000A thick, and a top oxide layer 
which is on the order of 200 - 1 0OOA thick. 

25. The memory cell of Claim 23 wherein the dielectric film comprises 
an oxide layer which is on the order of 50 - 300A thick and a nitride layer 
which is on the order of 1000 - 3000A thick. 

26. In a memory cell: a substrate having an active area, a relatively thin 
gate oxide layer formed on the substrate above the active area, a relatively 
thin floating gate having a side wall with a rounded curvature positioned 
above the oxide layer, a control gate which is substantially thicker than the 
floating gate positioned above and in vertical alignment with the floating 
gate, a dielectric film between the floating gate and the control gate, a 
select gate positioned to one side of the control gate and facing the side 
wall of the floating gate with the rounded curvature, a relatively thick oxide 
layer between the select gate and the floating gate, a source region formed 
in the substrate with a portion of the source region overlapping beneath the 
floating gate, and a tunneling path for the migration of electrons during 
erase operations extending from the floating gate through the gate oxide 
layer to the overlapping portion of the source region. 

27. The memory cell of Claim 26 wherein the gate oxide layer has a 
thickness on the order of 70 - 120A, and the oxide layer between the 
select gate and the floating gate has a thickness on the order of 200 - 
lOOOA. 



28. In a process of fabricating a semiconductor device having a floating 
gate, a control gate and a select gate, the steps of: forming an oxide layer 
in an active area on a silicon substrate; forming a first silicon layer on the 
oxide layer; forming a dielectric film on the first silicon layer; forming a 
second silicon layer on the dielectric film; etching away a portion of the 
second silicon layer to form a control gate; using the control gate as a 
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mask, anisotropically etching away portions of the dielectric film and the 
first silicon layer to form a floating gate beneath the control gate; forming 
a third silicon layer over the substrate and the control gate with a step in 
the third silicon layer beside and above the control gate; and anisotropically 
etching the third silicon layer to form a select gate beside the control gate. 

29. The process of Claim 28 wherein the thickness of the third silicon 
layer is less than the total thickness of the layers beneath it where it steps 
over the control gate. 

30. The process of Claim 28 further including the step of forming a 
rounded curvature on a side wall of the floating gate. 

31. The process of Claim 30 wherein the rounded curvature is formed 
by oxidation of the side wall, with the oxidation occurring at a greater rate 
near the oxide layer beneath the floating gate and near the dielectric film 
above it. 

32. The process of Claim 28 wherein the dielectric film is formed by 
forming a bottom oxide layer on the first silicon layer, forming a nitride 
layer on the bottom oxide layer, and forming a top oxide layer on the 
nitride layer. 

33. The process of Claim 28 further including the steps of forming a 
nitride layer on the third silicon layer, and anisotropically removing the 
nitride everywhere except in a shoulder area of the step in the third silicon 
layer. 

34. The process of Claim 28 further including the steps of forming an 
additional oxide layer on the third silicon layer, and anisotropically removing 
the additional layer everywhere except in a shoulder area of the step in the 
third silicon layer. 



wo 00/51188 



- 38 - 



PCT/USOO/04455 



35. The process of Claim 28 wherein the oxide layer is formed with a 
thickness on the order of 70 - 250A, the first silicon layer is formed with 
a thickness on the order of 100 - lOOOA, the dielectric film is formed with 
a thickness on the order of 1 20 - 500A, the second silicon layer is formed 
with a thickness on the order of 1 500 - 3500A, and the third silicon layer 
is formed with a thickness on the order 2000 - 4000A. 

36. The process of Claim 28 including the steps of doping each of the 
silicon layers with a dopant selected from the group consisting of 
phosphorus, arsenic and boron. 

37. The process of Claim 28 wherein the first silicon layer is doped to 
a level on the order of 10" to 10^° per cm^. 

38. The process of Claim 28 wherein the second and third silicon layers 
are doped to a level on the order of 10^ to 10^ per cm^. 

39. In a process of fabricating a semiconductor device, the steps of: 
forming an oxide layer in an active area on a silicon substrate; forming a 
first silicon layer on the oxide layer; forming a relatively thick dielectric film 
above the first silicon layer; anisotropically etching the relatively thick 
dielectric film to form a step above the active area; using the step as a 
mask, anisotropically etching the first silicon layer to form a floating gate 
above the active area; forming a second silicon layer over the substrate and 
the step; and anisotropically etching the second silicon layer to form a 
select gate beside the floating gate. 

40. The process of Claim 39 wherein the dielectric film is formed by 
forming a bottom oxide layer to a thickness on the order of 50 - 300A 
thick, forming a nitride layer on the bottom oxide layer to a thickness on 
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the order of 1000 - 2000A thick, and forming a top oxide layer on the 
nitride layer to a thickness on the order of 200 - lOOOA. 

41. The process of Claim 39 wherein the dielectric film is formed by 
forming a bottom oxide layer on the first silicon layer to a thickness on the 
order of 50 - 300A, and forming a nitride layer on the bottom oxi'de layer 
to a thjckness ori^the order of 1000^ 3000A^ 

42. The process of Claim 39 wherein the thickness of the second silicon 
layer is less than the height of the step. 

43. The process of Claim 39 further including the step of forming a 
rounded curvature on a side wall of the floating gate. 

44. The process of Claim 43 wherein the rounded curvature is formed 
by oxidation of the side wall, with the oxidation occurring at a greater rate 
near the oxide layer beneath the floating gate and near the dielectric film 
above it. 
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